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[1] Processes in subduction zones such as slab and mantle-wedge metamorphism, intraslab earthquakes,
and arc volcanism vary systematically with the age-dependent thermal state of the subducting slab. In
contrast, the configuration of subduction zones is rather uniform in that the arc is typically situated where
the slab is ~100 km deep. Toward reconciling the diversity and uniformity, we developed numerical
thermal models with a nonlinear mantle rheology for seventeen subduction zones, spanning a large range
of slab age, descent rate, and geometry. Where there are adequate observations, such as in Cascadia,
northeast Japan, and Kamchatka, we find that surface heat flows can be explained if the interface between
the slab and the mantle wedge is decoupled to a depth of 70—80 km. Models with this common decoupling
depth predict that the region of high mantle temperatures and optimal fluid supply from the dehydrating
slab, both required for melt generation for arc volcanism, occurs where the slab is ~100 km deep. These
models also reproduce the variations of the metamorphic, seismic, and volcanic processes with the thermal
state of the slab. The shallow decoupling results in a stagnant fore arc whose thermal regime is controlled
mainly by the subducting slab. The deeper coupling leads to a sudden onset of mantle wedge flow that
brings heat from greater depths and the back arc, and its thermal effect overshadows that of the slab in the
arc region. Our results serve to recast the research of subduction zone geodynamics into a quest for
understanding what controls the common depth of decoupling.
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1. Introduction

[2] Subduction zones show a strong diversity in their
geophysical and geological processes (Figure 1). For
example, in some subduction zones such as NE
Japan, earthquakes within the subducting slab extend
to large depths and arc volcanism is highly active, but
in other subduction zones such as Cascadia, intraslab
earthquakes extend to much shallower depths and arc
volcanism is feeble. In contrast to these large varia-
tions, the configuration of subduction zones is sur-
prisingly uniform in that the arc is typically located
along a relatively narrow zone where the depth of the
dipping slab is around 100 km [7atsumi and Eggins,
1995; England et al., 2004]. How to reconcile the
diversity and uniformity is still an outstanding issue
in the study of subduction zone geodynamics.

[3] Great progress has been made in understanding
the diversity of subduction zones. Major differences
between subduction zones can be explained by
differences in thermally controlled petrologic pro-
cesses in the subducting slab [e.g., Kirby et al.,
1996; Peacock and Wang, 1999; Hacker et al.,
2003]. Slabs of different ages and hence thermal
states go through different pressure-temperature
paths during subduction. In general, a younger
and warmer slab experiences dehydration reactions
at shallower depths. It is now widely accepted that it
is mainly the different dehydration depths and
different abundance of fluids from the dehydrating
slab that give rise to the differences in such pro-
cesses as intraslab earthquakes and arc volcanism.

[4] Less progress has been made in understanding
the uniformity of subduction zone configuration.
The relatively uniform subarc slab depth among
different subduction zones led to a hypothesis that
melt generation is triggered by fluid released from
the pressure-dependent dehydration reaction of
amphibole in the subducting slab or mantle wedge
at ~110 km depth [Tatsumi, 1986]. However, with
this hypothesis it is difficult to explain why dehy-
dration of other more abundant hydrous minerals in
the subducting slab and mantle wedge would
not trigger hydration melting at depths other than
~110 km. More recent studies of subarc slab
depths by England et al. [2004] and Syracuse
and Abers [2006] paid more attention to explaining
what causes the depths in individual subduction
zones to deviate from their average depth of
about 100 km. However, the important first-order
question of why the depths are so similar between
subduction zones that are often vastly different in
other aspects is yet to be addressed.
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Figure 1. (a) Schematic illustration of a typical warm-
slab subduction zone at a continental margin, showing
the crustal and upper mantle components and processes
that take place in them, and (b) its surface heat flow
(solid curve). Green circle in Figure la indicates the
location of episodic slip and tremor (ETS) observed at
Cascadia and Nankai. Models that do not include mantle
wedge flow or allow the flow to occur near the tip of the
wedge would incorrectly predict the heat flow pattern
indicated by dashed curves in Figure lb. Heat flow
patterns for cold-slab subduction zones are similar,
except that values near the trench and farther seaward
are much lower.

[5] In this study, we try to develop subduction zone
thermal models that can reconcile the observed
diversity and uniformity. The main challenge we
face, as did all previous researchers attempting to
tackle this problem, is as follows. To explain the
diversity of subduction zones, some key aspects of
the thermal structure that we try to reproduce must
be strongly dependent on the thermal state of the
subducting slab; yet, to explain the uniformity, some
other key aspects must be independent of the slab’s
thermal state. We will demonstrate that a thermal
model featuring a sharp contrast between a cold fore
arc and a hot volcanic arc, which is consistent with
heat flow observations (Figure 1), has these seem-
ingly self-contradicting characteristics. The key
parameter that controls this sharp contrast is the
maximum depth of decoupling (MDD) between the
subducting slab and the overriding mantle wedge. In
most of the fore arc where the slab and the mantle
wedge are decoupled, the thermal regime is strongly
controlled by the thermal state of the slab. Beneath
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Figure 2. Map showing the locations of seventeen subduction zone corridors (orange areas) investigated in the
present study. The number in parentheses indicates the index number of the subduction zone.

the arc where the slab and mantle wedge are cou-
pled, the thermal regime is controlled mainly by
solid-state viscous flow of the mantle wedge and is
nearly independent of the thermal state of the slab.
We will show that a common MDD of 70—80 km
can reconcile the observed diversity and uniformity
of subduction zones.

[¢] In the following, we will first provide a syn-
thesis of geophysical and geological observations
from a number of subduction zones. These obser-
vations illustrate the diversity of the above men-
tioned processes and the uniformity of subduction
zone configuration and help us identify important
trends. Seventeen subduction zones are considered,
including Alaska, Aleutians, northern Cascadia,
south central (SC) and northern Chile, Colombia-
Ecuador, northern Costa Rica, northern Hikurangi,
Izu, Kamchatka, Kermadec, Kyushu, Mariana,
Mexico, Nankai, northeast (NE) Japan, and Suma-
tra (Figure 2). We will then develop numerical
models for these subduction zones and illustrate
that a common depth of decoupling is consistent
with the observations.

2. Relation Between Subduction Zone
Processes and the Slab Thermal

Parameter

[7] Most geophysical and geological processes in
subduction zones depend strongly on temperature,
and the variations in these processes correlate with
the thermal state of the subducting slab. Here, we
examine the trends of some of these observations
as a function of the thermal state of the subducting
slab, which is approximately described by the
thermal parameter, ¢, a product of the age and
descent rate of the slab [McKenzie, 1969; Molnar

et al., 1979; Kirby et al., 1996]. Generally, the
higher the ¢ value, the cooler is the subducting slab
at a given depth. On the basis of the availability of
geological and geophysical observations and struc-
tural and kinematic information, we select seven-
teen subduction zones for this study. The relatively
large number of subduction zones and the wide
range of ¢ values spanned by them are ideal for
examining the trends of the observations.

[8] For the calculation of ¢ for the seventeen
subduction zones, we use the age of the subducting
slab determined from magnetic isochrons on the
oceanic plate as reported in the literature (Table 1),
except for northern Hikurangi and Kermadec
where the magnetic isochrons on the incoming
plate are not identifiable at present. The old age
(~100 Ma) of the adjacent oceanic crust and
tectonic reconstruction suggest that the subducting
plates at these two margins are no younger than
100 Ma [Davy and Wood, 1994; Miiller et al.,
1997]. The thermal states of old oceanic plates
(>~80 Ma) are uniformly cold (surface heat flow
of <60 mW/m?), and their differences are negligi-
bly small. Thus, we assume a slab age of 100 Ma
for these two margins.

[s] The descent rate of the slab is the product of
the margin-normal convergence rate and the sine of
the dip of the slab. We calculate the convergence
rates by using the global plate motion model
NUVEL-1A [DeMets et al., 1990, 1994] for the
seventeen subduction zones except for Nankai,
Kyushu, Mexico, Costa Rica and Sumatra. We
use a relative plate motion model determined by
Zang et al. [2002] for Nankai and Kyushu and one
by DeMets [2001] for Mexico and Costa Rica.
These two models are constrained by newly
obtained plate motion data in addition to those
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used to constrain NUVEL-1A and are more accu-
rate than NUVEL-1A for the relatively plate
motions at these four margins. In Sumatra, the
Australia plate subducts beneath the Sunda tectonic
block, which is not differentiated from the adjacent
Eurasia plate in NUVEL-1A, and therefore we
instead use the relative plate motions constrained
by GPS data for this margin by Bock et al. [2003].
For the calculation of ¢, we use the average dip
between 75 and 140 km depths; for our purpose,
the absolute depths are unimportant as long as the
choice is made consistently between different sub-
duction zones.

2.1. Low-Velocity Layer Representing the
Untransformed Subducting Crust

[10] The basalt-eclogite transformation in the sub-
ducting crust signals the peak of slab dehydration
reactions and results in an increase in density and
seismic velocities. Where resolution allows, seis-
mological studies have revealed the presence of a
narrow dipping layer of relatively low seismic-
wave speed along the top of the subducting slab
that is commonly interpreted to be the basaltic
oceanic crust that has not transformed to eclogite
[Fukao et al., 1983] (Figure 3a). In Cascadia,
analyses of receiver functions [Cassidy and Ellis,
1993] and scattered teleseismic body waves
[Bostock et al., 2002] indicate the presence of a
low-velocity layer (LVL) down to 45-75 km
depths. In Nankai, later P and S wave phases that
traveled through the untransformed subducting
crust indicate that an LVL extends to ~60 km
depth [Hori et al., 1985; Hori, 1990; Ohkura,
2000]. In northern Chile, receiver function analyses
show that an LVL extends to ~120 km depth [ Yuan
et al., 2000; Bock et al., 2000]. In Alaska, analyses
of scattered teleseismic body waves [Rondenay et
al., 2008] and receiver functions [Abers et al.,
2006] indicate that an LVL extends to ~120 km
depth. In NE Japan, analyses of PS-P time data
[Matsuzawa et al., 1986] and receiver functions
[Kawakatsu and Watada, 2007] show that an LVL
extends to 100—150 km depths. The downdip extent
of this layer is clearly deeper in the colder and older
slabs in northern Chile, Alaska, and NE Japan than in
younger and warmer slabs in Cascadia and Nankai
(Figure 3a). This trend agrees with petrologic predic-
tions based on thermal models [e.g., Peacock and
Wang, 1999; Hacker et al., 2003].

[11] Abers [2005] used body wave dispersion to
determine the velocity contrast of an LVL with its
surroundings for three depth ranges (0—100, 100—

150, and >200 km) in Nicaragua (near our study
region of northern Costa Rica), Aleutians, Alaska,
Mariana, Kamchatka, and NE Japan. The results
can be interpreted to indicate the presence of an
LVL to at least 150 km depth at the six margins
although the exact maximum depth is undeter-
mined because of the large depth bins used in the
study. The slabs in all the six subduction zones are
relatively cold, and the inferred, relatively deep
downdip extent of the LVL is consistent with those
reported for other cold slab subduction zones
(Figure 3a). Furthermore, in Nicaragua and Alaska
where the slabs are warmest among the six sub-
duction zones, the velocity contrast of the thin
layer with its surroundings practically disappears
for the >150 km depth bin, indicating that the
downdip limit of the layer is within the 100—
150 km range, also consistent with the general
trend illustrated in Figure 3a.

2.2. Mantle Wedge Serpentinization

[12] In the fore-arc mantle wedge, hydrous miner-
als such as serpentine (antigorite, chrysotile, and
lizardite), chlorite, talc, brucite, magnetite and
amphibole can form, provided that the mantle
wedge is cold and there is sufficient fluid supply
from the dehydrating slab [Hacker et al., 2003].
Antigorite is stable between ~300°C and ~700°C
[Ulmer and Trommsdorff, 1995] and is expected
to be the most abundant hydrous mineral in a
hydrated fore-arc mantle wedge at continental
convergent margins [Hyndman and Peacock,
2003]. The other two serpentine species chrysotile
and lizardite may also form in the mantle wedge
but are stable only at temperatures lower than
~300°C [Evans, 1977, 2004].

[13] Serpentinization of the mantle wedge results in
a decrease in density and seismic velocities. The
decrease in the velocity is more prominent for the S
wave, resulting in a higher ratio of P to S wave
velocities (Vp/Vs) and hence a higher Poisson’s
ratio [Christensen, 2004, and references therein].
Serpentinization also results in increased magnetic
susceptibility of the mantle due to the formation of
magnetite as a by-product of serpentinization
[Hyndman and Peacock, 2003, and references
therein].

[14] Low Vp and Vs values observed in the Cas-
cadia fore-arc mantle are interpreted as to indicate
serpentinization (20—60%) [Bostock et al., 2002;
Brocher et al., 2003; Ramachandran et al., 2005].
This interpretation is supported by high-amplitude,
long-wavelength positive magnetic anomalies and
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Figure 3. Variations of the observed characteristic parameters of geophysical processes in subduction zones with
the thermal parameter of the subducting slab, ¢. Index numbers (Figure 2), which are shown for some subduction
zones at the top, are given to subduction zones in the order of increasing ¢ (Table 1): 1, northern Cascadia; 2, Nankai;
3, Mexico; 4, Columbia-Ecuador; 5, SC Chile; 6, Kyushu; 7, northern Sumatra; 8, Alaska; 9, northern Chile; 10,
northern Costa Rica; 11, Aleutians; 12, northern Hikurangi; 13, Mariana; 14, Kermadec; 15, Kamchatka; 16, Izu; 17,
NE Japan. (a) Observed maximum depth of a low-velocity layer in the subducting crust (blue diamond) and depth
range of intraslab seismicity (purple lines). Dashed purple lines indicate uncertainties in the maximum depth. Green
lines indicate the depth range of ETS events in northern Cascadia [Kao et al., 2005] and Nankai [Shelly et al., 2006].
(b) Long-term volcanic output rates of volcanic arc [Crisp, 1984; White et al., 2006]. (c) Subarc slab depths
determined by England et al. [2004] (purple squares) and others (blue circles) and those extrapolated by the authors
(red circles) with error bars (see Table 1). The dashed horizontal line and light blue area indicate the global mean
depth of 101 km and a standard deviation of 16 km, respectively, from England et al. [2004]. All the parameter values
and their references except for the depth range of ETS in Cascadia and Nankai are listed in Table 2.

negative gravity anomalies in the Cascadia fore arc ~ (20-30%) [Xia et al., 2008], northern Chile (0—
[Blakely et al., 2005]. Serpentinization of the fore-  12%) [Graeber and Asch, 1999; Carilson and
arc mantle wedge has also been inferred from  Miller, 2003], and Costa Rica (15-25%) [DeShon
seismic observations in Nankai (50—70%) [Kamiya  and Schwartz, 2004; Carlson and Miller, 2003],
and Kobayashi, 2000; Seno et al., 2001], Kyushu  from magnetic and gravity anomalies in Alaska
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[Saltus et al., 1999], and from the presence of
serpentine mud volcanoes in the fore-arc region of
the Izu and Mariana margins [Fryer, 1996]. The
presence of a serpentinized fore-arc mantle wedge
is proposed to explain the lack of velocity contrast
between the continental crust and the underlying
mantle in SC Chile [Grof et al., 2008]. In contrast,
a relatively dry mantle wedge corner and thus a
minor degree of serpentinization are reported for
northern Hikurangi [Eberhart-Phillips et al., 2008]
and in most parts of NE Japan [e.g., Miura et al.,
2005]. There has been no investigation on mantle
wedge serpentinization for our study regions of the
other six subduction zones. Although further obser-
vations are required for the global distribution of
mantle wedge serpentinization, it appears at present
that evidence for serpentinization is more readily
observed in subduction zones with warm slabs,
possibly indicating a greater fluid supply beneath
the fore-arc mantle wedge.

2.3. Intraslab Earthquakes and

Nonvolcanic Seismic Tremor

[15] The depth range of intraslab earthquakes varies
greatly among subduction zones. For most of the
seventeen subduction zones, we infer the maximum
depth of intraslab seismicity from the global earth-
quake catalog of Engdahl et al. [1998] (hereinafter
referred to as the EHB catalog), in which earth-
quake hypocenters are located using teleseismic
networks. In northern Cascadia, Nankai, Kyushu,
SC Chile, and Costa Rica, the number of intraslab
earthquakes in the EHB catalog is small mostly
because of the paucity of events that are large
enough to be located by teleseismic networks. For
these subduction zones, we infer the depth range
from intraslab earthquake hypocenter locations
determined by local networks (see Table 2 for
references). The maximum depth may be slightly
underestimated because earthquake catalogs that
are used to determine this depth exclude events that
do not meet all the criteria for hypocenter determi-
nation. We express uncertainties in the maximum
depth by dashed lines in Figure 3a. The maximum
depth of intraslab seismicity generally increases
with ¢ from 70 km to greater than 300 km.

[16] Stresses cause failure of geologic material, but
they alone do not determine whether the failure
occurs seismically or aseismically. Laboratory
experiments indicate that the high confining pres-
sure at the depths of intermediate-depth (about 50—
300 km depths) intraslab earthquakes tends to
inhibit seismic rupture of geologic materials. It is

thus hypothesized that fluid released during the
dehydration of hydrous minerals in the subducting
slab elevates pore fluid pressure, reducing the
effective pressure and facilitating seismic rupture
[e.g., Kirby et al., 1996]. This process is commonly
referred to as ““dehydration embrittlement,” a term
originally used to describe a laboratory observation
that fluid release causes an immediate change from
ductile to brittle deformation. According to this
hypothesis, the presence of fluid causes rock fail-
ure to occur seismically, controlling the distribution
of intraslab earthquakes.

[17] Intraslab earthquakes at relatively shallow
depths occur in two subparallel bands (double
seismic zone) in many subduction zones [e.g.,
Brudzinski et al., 2007]. They are thought to
represent seismicity in the subducting crust and
upper mantle separated by an aseismic core [Hacker
etal.,2003]. The separation between the two bands
tends to be greater for older and colder slabs, and
the lower band is located several tens of kilometers
away from the slab surface in very old and cold
slabs (e.g., NE Japan) [e.g., Brudzinski et al.,
2007]. Dehydration embrittlement of the subduct-
ing crust and mantle is proposed to cause earth-
quakes in the upper and lower bands, respectively,
although how the initially anhydrous oceanic
mantle becomes hydrated to the depths of several
tens of kilometers prior to subduction is not well
understood [Peacock, 2001; Yamasaki and Seno,
2003]. Dehydration reactions are expected to
extend to greater depths in higher-¢ colder slabs
than in lower-¢ warmer slabs [Kirby et al., 1996],
and thus the increase in the maximum depth of
intraslab seismicity with ¢ (Figure 3a) supports
the hypothesis of dehydration embrittlement in
both the subducting crust and mantle.

[18] Nonvolcanic seismic tremor and associated
silent slip of the subduction interface, together
referred to as episodic tremor and slip (ETS)
events, occur near the tip of the mantle wedge in
the warm-slab Cascadia and Nankai subduction
zones (Figure 3a). ETS-like events are also
reported to occur in Mexico [Larson et al., 2007;
Payero et al., 2008], which is another warm-slab
subduction zone. In contrast, ETS events are not
observed in cold-slab subduction zones, such as
NE Japan and northern Hikurangi. It is suggested
that ETS may be related to free fluids released from
the dehydrating slab although the exact mechanism
is unknown [Obara, 2002; Kao et al., 2005; Shelly
et al., 2007; Wada et al., 2008]. The occurrence of
ETS in warm-slab subduction zones may thus be
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associated with the shallow dehydration of the
warm subducting slabs.

2.4. Volcanic Output Rate

[19] The intensity of arc volcanism is highly var-
iable among different subduction zones. On the
basis of the hypothesis that arc crust is formed
through magmatism, arc magma production rates
have been estimated indirectly from the growth
rates of arc crust that are inferred primarily from
seismic and gravity studies [e.g., Dimalanta et al.,
2002; Hochstein, 1995; Taira et al., 1998]. These
estimates depend on the inferred thickness and
width of the crust across the arc. In the present
study, instead of using indirect inferences on arc
magma production rates, we consider the long-term
volumetric volcanic output rate of a volcano or a
unit length (100 km) of the volcanic arc in sub-
duction zones compiled by Crisp [1984] and more
recently by White et al. [2006] (Table 2). This rate
accounts mainly for the extrusive portion of the arc
volcanism, but a higher volcanic output rate is a
reasonable proxy for a higher magma production
rate because the latter is generally accompanied
with the former. Among the volcanic output rates
that were determined for a few volcanoes or margin
segments of a given subduction zone, we choose
one with the longest well-constrained history of
activity so that the rate is based on several eruptive
cycles and is closest to the long-term average.
Figure 3b shows that the rate of arc magma pro-
duction has a strong tendency to increase with .

[20] Although there is some evidence of adiabatic
decompression melting of the upwelling mantle
[e.g., Kohut et al., 2006], arc magmas are believed
to be generated largely by hydration melting, that
is, melting due to the reduction of mantle solidus
by the addition of fluid into the hot region of the
mantle wedge. This view of melt generation is
supported by the relatively high water content
and enrichment of fluid-mobile elements in arc
lavas [Gaetani and Grove, 1998; Pawley and
Holloway, 1993; Ulmer, 2001]. The rate of magma
production is likely to be strongly influenced by
the amount of fluid fluxing from the subducting
slab into the overriding mantle. Therefore, the
increase in arc magma production with ¢ may
partly due to the greater ability of colder slabs to
carry fluids to the subarc depths. In some works,
such as Grove et al. [2009], great emphasis is
placed on the dehydration of mantle wedge mate-
rial that was hydrated at a slightly shallower depth
and then brought down to the subarc depth by

wedge flow, but we think that fluid from the
dehydrating slab directly beneath the arc is far
more important. Region-specific processes such
as intra-arc rifting and sediment subduction to the
subarc depth are likely to affect magma production
and cause large scatter of the magma production
rates (Figure 3b).

2.5. Configuration of Subduction Zones:
Depth of the Slab Beneath the Volcanic Arc

[21] England et al. [2004] determined the depth to
the top of intraslab seismicity beneath the arc for
twenty-four margin segments using teleseismically
determined intraslab earthquake hypocenter loca-
tions in the EHB catalog. We use this depth to
approximate the subarc slab depth (H). The precise
location of the intraslab earthquakes relative to the
slab surface in the arc area is poorly known unless
extensive seismic data (e.g., waves that are con-
verted at or reflected from the slab surface or that
are guided by the subducting crust) allow the
detection of the slab surface, such as in NE Japan
[e.g., Zhao et al., 1997]. The inference of H from
the intraslab seismicity thus results in a tendency to
overestimate H, because the shallowest events
beneath the arc may actually be in the subducting
mantle at some depth from the slab surface. A
greater tendency of overestimating H is expected
for older and colder slabs, in which intraslab
seismicity can occur in a thicker band that extends
deeper into the slab away from the slab surface
(e.g., Mariana). A greater uncertainty in H is
expected for a steeply dipping slab owing to
greater sensitivity of A to small changes in the
position of the arc and horizontal location of
intraslab earthquakes. Other source of uncertainties
in H includes wuncertainties in earthquake
hypocenters.

[22] The values of H determined by England et al.
[2004] for the twenty-four margin segments range
from 65 km to 130 km with the mean of ~100 km.
About 54% of them fall in the range of 90— 100 km,
and 88% of them are in the 80—120 km range,
confirming that H is relatively uniform. Similarly,
46% of individual volcanoes used to determine H
in the twenty-four margin segments are situated
where the slab is in the 90—100 km depth range,
and 83% of them are situated where the slab is in
the 80—120 km depth range.

[23] Syracuse and Abers [2006] determined H for
fifty-one margin segments by delineating the slab
surface on the basis of the distribution of intraslab
earthquakes in the EHB catalog. For the twenty-
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four margin segments investigated by England et
al. [2004], the values of H determined by the two
studies are similar (within 20 km) except for Java
and Mariana. At these two margin segments, H
determined by Syracuse and Abers [2006] is
deeper than that determined by England et al.
[2004]. The slab at these margins is relatively old
and dips steeply, and the determination of H may
be affected by the uncertainties discussed above.
Syracuse and Abers [2006] also suggested that
there might be a need to adjust H to account for
errors in hypocenter locations. The adjusted depths
(H) are systematically deeper than H (by up to
~40 km).

[24] Besides the above two studies, H has also been
determined independently using local seismic net-
works in some subduction zones. Where the local
networks are dense and the slab geometry is
relatively simple, the determination of H using
the local networks is rather accurate and provides
a “calibration” for the teleseismically determined
H. At NE Japan, H determined using the very
dense local network is ~100 km [e.g., Nakajima
et al., 2001]. The depths determined by both
England et al. [2004] and Syracuse and Abers
[2006] are also ~100 km while /' is 111 km. In
northern Hikurangi, H determined with a similarly
dense local network is ~85 km [Reyners et al.,
2007]. For the same location, the depths deter-
mined by England et al. [2004] and Syracuse and
Abers [2006] are 110 km and 123 km, respectively,
and H' is 147 km. The values of H determined by
the two studies are in relatively good agreement
with the “calibration” wvalues. The adjustment
made to produce H' does not appear to improve
the deviation from the calibration values, and
therefore we use H only in this study.

[2s] The H values determined by England et al.
[2004] for most of the seventeen subduction zones
investigated in this study are shown in Figure 3c.
Cascadia, Nankai, Mexico, Colombia-Ecuador, SC
Chile, and Costa Rica were not included in their
study mostly because of the paucity of intraslab
seismicity directly beneath the arc. Of these mar-
gins, Syracuse and Abers [2006] determined H for
SC Chile and Costa Rica, and we use their values
for these two margins. For Cascadia and Mexico,
we use H given by slab geometry models reported
in the literature (Table 1). For the other two
subduction zones, the slab shape reported in the
literature is only for the shallow part of the slab,
most of which is based mainly on controlled-
source seismic surveys. We extrapolate H from

the slab shape at shallow depths with the aid of
limited intraslab earthquakes in the EHB catalog.
Details of the slab geometry model for individual
subduction zones are described in sections 4 and 5
and Appendix A as part of the description of mesh
construction for thermal modeling. For northern
Hikurangi, we use the value of H determined with
the local network, but defining the precise location
of the volcanic arc is somewhat problematic
because of complications caused by ongoing
intra-arc and back-arc rifting.

[26] Figure 3c shows the tendency for the volcanic
arc to form where the slab is about 100 km deep.
The most striking characteristic of the arc location
is its lack of a systematic dependence on ¢
(Figure 3c), in contrast with other subduction zone
processes discussed above. The independence of
the arc location on ¢ is particularly intriguing
considering the strong dependence of the intensity
of arc volcanism on ¢.

[27] By comparing H with a range of subduction
parameters, both England et al. [2004] and
Syracuse and Abers [2006] suggest that the kine-
matics of the subducting slab is at least partly
responsible for the small variations in H. However,
the first-order question of why the depth tends to
be around 100 km is yet to be addressed as
mentioned in section 1.

3. Hypothesis of a Common Maximum

Depth of Slab-Mantle Decoupling

[28] In section 2, we illustrated by reviewing
available observations that many geophysical pro-
cesses in subduction zones vary systematically
with the slab thermal state while the configuration
of subduction zones is rather uniform. Here, we
propose a possible mechanism that reconciles the
two contrasting trends.

[29] Let us first reemphasize the strong thermal
contrast between the cold fore arc and hot arc and
back arc in subduction zones [Wada et al., 2008].
The most direct evidence of this contrast is surface
heat flow: It is low in the fore arc and high in the
arc and back arc region. The cold thermal state of
the fore-arc mantle is also required for inferred
mantle wedge serpentinization (<~700°C) at sev-
eral subduction zones (section 2.3). The occurrence
of earthquakes in the fore-arc mantle wedge (e.g.,
NE Japan) also indicates a relatively cold thermal
condition. In contrast to the cold fore-arc mantle,
the subarc mantle is hot, as supported by high
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surface heat flow and the generation of melt for arc
volcanism. Experimentally determined solidus for
H,O-staurated mantle peridotite at 100 km depth
ranges from 800 to 1000°C [e.g., Schmidt and Poli,
1998; Grove et al., 2006]. The melting in the
mantle wedge is expected to occur at higher
temperatures than these estimates since the mantle
source is typically not fully saturated with H,O
[e.g., Ulmer, 2001]. Geochemical and thermobaro-
metric data on arc lavas and exhumed lower crust
and mantle rocks indicate temperatures of 1300—
1400°C in the mantle wedge [e.g., Kelemen et al.,
2003, and references therein]. These estimates may
however be higher than the actual mantle temper-
atures because of the assumed steady state geo-
therm for the magma that is likely to be transient.
On the basis of these petrological estimates with
their uncertainties taken into account and the
experimental constraints discussed above, it is
widely agreed that mantle temperatures beneath
the arc should be greater than 1200°C [Kelemen
et al., 2003]. Although melt may migrate laterally
because of pressure gradient and fracture distribu-
tion, its migration is driven primarily by its positive
buoyancy and is thus dominantly upward. There-
fore, it is reasonable to assume that the partial
melting of the mantle and thus the region of high
temperature (>1200°C) occur directly beneath the
volcanic arc. The thermal contrast between the
fore-arc mantle and subarc mantle is large, and
the transition between the two thermal regimes is
sharp.

[30] The two most important factors that govern
the thermal regime of subduction zones are the
thermal state of the subducting plate and the mantle
wedge flow. The thermal state of the subducting
plate obviously has a first-order impact on various
processes as discussed in section 2 (Figures 3a and
3b). However, the thermal effect of the slab cannot
be dominant in the region of the volcanic arc, as
evidenced by its lack of influence on the location
of the arc (Figure 3c). We reason that this is
because the thermal effect of the slab is overshad-
owed by that of the mantle wedge flow in the arc
region. As we will further demonstrate using
numerical models that the sharp thermal contrast
between the cold fore arc and hot arc discussed in
the preceding paragraph is due to the sudden onset
of mantle wedge flow near the arc. In most of the
fore arc, there is no mantle wedge flow, and the
thermal regime is controlled mainly by the rela-
tively cold subducting slab whereas in the arc
region, the thermal regime is controlled mainly

by the mantle wedge flow which brings in much
heat from the back arc and greater depths.

[31] What causes the sudden onset of mantle
wedge flow near the arc? Flow of the mantle
wedge is driven by its viscous coupling with the
subducting slab. The cold fore arc indicates
the local absence of significant mantle flow, and
the necessary condition for a stagnant mantle
wedge is that it must be decoupled from the
subducting slab [Wada et al., 2008]. Farther down-
dip, an increase in the slab-mantle coupling causes
a sudden onset of mantle wedge flow and hence the
sharp transition from the cold fore-arc mantle to the
hot subarc mantle. Therefore, the key parameter to
investigate is the maximum depth of slab-mantle
decoupling (the MDD). To explain the uniform
configuration of subduction zones, we hypothesize
that most, if not all, subduction zones share a
common MDD. In the following, we test this
hypothesis using numerical thermal models.

4. Thermal Models

4.1. Modeling Method

[32] We use a steady state two-dimensional finite
element model [Currie et al., 2004; Wada et al.,
2008]. Similar to most previous subduction zone
thermal models, our model consists of a nonde-
forming overriding plate, a subducting slab with
prescribed motion, and a viscous mantle wedge in
which the flow field is to be calculated (Figure 4).
We employ a temperature- and stress-dependent
wet olivine rheology for the mantle wedge [Karato
and Wu, 1993; van Keken et al., 2002; Currie et
al., 2004; Wada et al., 2008]. The governing
equations for the flow and temperature fields are
as described by van Keken et al. [2002] except for
the addition of viscous energy dissipation, and the
numerical method is exactly as described by Currie
et al. [2004]. The flow law and the definition of the
effective viscosity used for the mantle wedge are as
described by Wada et al. [2008]. The dimensions
of elements in our model typically range from
~10 m to ~15 km. The model uses nine-node
elements for the temperature and velocity fields
and compatible four-node elements for the pressure
field. The quadratic nine-node elements allow
much higher model resolution compared to linear
elements of similar sizes. Several other numerical
codes with different numerical methods are avail-
able for subduction zone thermal modeling. A
community benchmarking exercise for these codes,
including the one used in this study, shows that
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Figure 4. Schematic illustration of boundary and interface conditions for the thermal models. Insets show the
velocity field across the decoupled and coupled parts of the interface.

they are in reasonable agreement [van Keken et al.,
2008].

[33] In the study of subduction zone thermal struc-
tures, mantle wedge flow is commonly modeled as
basally driven corner flow induced by kinemati-
cally prescribed motion of the subducting slab. To
create the two contrasting thermal regimes in the
mantle wedge, a rigid wedge corner is imposed to
prevent hotter mantle material from entering the
corner in some models [Peacock and Wang, 1999;
van Keken et al., 2002; Currie et al., 2004].
However, the primary factor that controls the vigor
of mantle wedge flow is the slab-mantle wedge
coupling. Therefore, a free slip condition, reduced
velocity, or low stress condition has been pre-
scribed along the shallow part of the slab-mantle
wedge interface by some researchers to demon-
strate the effect of decoupling on mantle wedge
flow and temperatures [e.g., Furukawa, 1993;
Kneller et al., 2005; Wada et al., 2008].

[34] In this study, following Wada et al. [2008], we
use a thin layer of low viscosity along the interface,
in effect simulating a low stress condition. In the
model of Wada et al. [2008], the thin layer of a
fixed thickness (100 m) extended along the entire
length of the slab, and the degree of decoupling
was controlled by the layer viscosity. With a
realistic temperature- and stress-dependent mantle
wedge rheology, the mantle strength decreases with
increasing temperature and hence with depth, and
decoupling is terminated where the strength con-
trast disappears. In this case, the downdip length of
the thin layer has no effect as long as it extends
beyond the temperature-controlled downdip extent
of decoupling.

[35] Wada et al. [2008] found that the nonlinear
feedback between temperature and mantle viscos-
ity always leads to nearly complete stagnation of
the mantle wedge above a weakened interface and
that the downdip transition from decoupling to
coupling along the interface is always sharp. This
is because a slight reduction in flow velocity due to
a weakened interface leads to lower temperatures
because conductive cooling due to the presence of
the slab becomes more dominant than convective
transfer of heat by wedge flow. The lower temper-
ature causes a higher effective viscosity, leading to
an increase in the strength contrast between the
mantle wedge and the interface and further decou-
pling. We further tested the flow behavior by using
a dislocation-creep interface layer and found that
the bimodal flow behavior and the sharpness of the
decoupling-coupling transition are persistent re-
gardless of the rheology or the thickness of the
layer. The modeling results are presented elsewhere
[Wada, 2009]. The complete stagnation of the
mantle wedge explains why some earlier thermal
models with an imposed no-flow wedge corner
[e.g., Peacock and Wang, 1999; Hacker et al.,
2003; van Keken et al., 2002; Currie et al.,
2004] satisfy the observed low surface heat flow
in the fore arc. The sharp decoupling-coupling
transition allows some simplifications to be made
to the model of Wada et al. [2008]; the weak
interface layer can be truncated at a prescribed
depth for numerical convenience with a minimal
effect on the mantle wedge flow pattern. Thus, in
this study, we truncate the weak interface layer at a
prescribed MDD. In this case, the exact value of
the viscosity of the interface layer is unimportant as
long as it is low enough to cause decoupling. We
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use the layer viscosity of 10'” Pa s in this study.
The MDD itself will be the only variable parameter
to be tested in the thermal model.

4.2. Model Geometry and Parameters

[36] For each subduction zone, a model is devel-
oped along a representative corridor oriented
roughly in the margin-normal direction. The shape
of the subducting slab has been reported previously
for northern Cascadia, Nankai, Mexico, Kyushu,
Alaska, northern Costa Rica, Hikurangi, and NE
Japan, and we use the existing slab geometry
models for these subduction zones. However, the
slab geometry model for Nankai extends only to
~60 km depth, and thus we extrapolate the deeper
part of the slab from the existing slab geometry
model. For the other subduction zones, we con-
struct a slab geometry model using earthquake
locations from the EHB catalog, H determined by
England et al. [2004] and Syracuse and Abers
[2006], and other available seismological observa-
tions reported in the literature. For Colombia-
Ecuador and SC Chile, the slab geometry at depths
greater than 90 km depth is extrapolated from the
shallower part of the slab due to the absence of
deeper intraslab seismicity and lack of seismolog-
ical observations on the slab shape. The references
for the slab geometry model and other model
parameterization are summarized in Table 3.
Details of how the slab geometry was obtained
for individual subduction zones are provided with
the modeling results in section 5 and Appendix A.

[37] In the thermal model, there is no practical need
to differentiate between the subducting crust and
mantle. However, in the determination of the
metamorphic boundaries in the subducting slab
from the thermal modeling results, the subducting
crust and mantle need to be differentiated owing to
their compositional difference. We assume that the
subducting crust has the global average oceanic
crustal thickness of 7 km, except for northern
Hikurangi where the 17-km thick oceanic Hikur-
angi Plateau is being subducted [Davy and Wood,
1994].

[38] In the model, we assign zero flow velocities to
the overriding plate from the surface to its Moho
depth. The Moho depth has little effects on mantle
wedge flow because the actual base of the “rigid”
part of the plate is deeper at a thermally controlled
rheological transition. However, the Moho depth at
continental convergent margins is relevant to con-
verting depth to pressure when the thermal model-
ing results are used to determine the metamorphic

state of the subducting slab and mantle wedge.
Therefore, in the models for continental margins, we
assign the thickness of the overriding crust in each
model in accordance with the Moho depth reported in
published seismological studies (Table 3). We use a
conventional approach of using lithostatic pressure in
the determination of the depth of phase transforma-
tion. Errors due to neglecting dynamic pressure
associated with viscous flow in our petrological
model are expected to be much smaller than uncer-
tainties in the metamorphic phase boundaries. The
Moho depth of the overriding plate at the thirteen
continental margins is mostly in the range of 30—
40 km except in northern Chile where the thickness of
the overriding crust in the fore-arc region is reported
to be in the range of 50—70 km [Yuan et al., 2000;
Koulakov et al., 2006]. We thus assume a 60-km-
thick crust for the northern Chile model. For the
calculation of pressure, we assume a uniform density
0f2750 kg/m” for the overriding continental crust and
3300 kg/m? for the mantle wedge and the subducting
slab.

[39] At ocean-ocean margins, the overriding crust
consists primarily of mafic material, and thus we
assume the same density for the overriding crust as
for the mantle wedge. We use the global average
oceanic crust thickness of 7 km for the overriding
crust at ocean-ocean margin. The thickness of the
overriding oceanic crust in the arc—fore-arc region
can be slightly thicker than 7 km as reported by
seismic studies in Izu-Bonin-Mariana margin [e.g.,
Kodaira et al., 2007], and thus the actual mantle
wedge at some ocean-ocean margins may not
extend to depths as shallow as portrayed in some
of our models for this type of margins.

[40] We use typical values of thermal conductivity
and radiogenic heat production rates for the conti-
nental crust, subducting crust, and mantle deduced
from field measurements and laboratory data
(Table 4). However, in northern Cascadia, where
very detailed thermal measurements have been
made, the overriding upper crustal material in the
fore-arc region is composed of mafic material and
contains significantly less amounts of radiogenic
elements than average continental material [Lewis
et al., 1988]. Therefore, in the northern Cascadia
model, we use lower radiogenic heat production
rates in the fore-arc crust, which increases from
zero at the deformation front to a typical continen-
tal rate near the arc [Wang et al., 1995]. Following
van Keken et al. [2002], we assume a constant
specific heat of 1250 J/kg K.
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trench becomes older and thus cooler with time.
The effect of neglecting this time dependence of
the thermal state of the incoming plate in our
steady state models is insignificant for old slabs.
However, for young slabs such as in Nankai and
Colombia-Ecuador where the isochrons are nearly
margin-normal, the models of constant slab age
determined by using the isochron presently at the
trench predict a thermal state slightly colder than
actual.

[43] For the shallow part (<~60 km depth) of the
back-arc-side vertical boundary, we use a conduc-
tive heat equation to calculate the geotherm. We
calculate the geotherm to give the back-arc surface
heat flow value reported by Currie and Hyndman
[2006] for northern Cascadia, Nankai, Kyushu,
Mexico, Alaska, Aleutians, Kamchatka and NE
Japan. For northern Sumatra, the continental geo-
therm is calculated to fit the dense back-arc heat
flow data in Global Heat Flow Database (GHFD)
(The global heat flow database of the International
Heat Flow Commission, The International Heat
Flow Commission of the International Association
of Seismology and Physics of the Earth’s Interior,
http://www.heatflow.und.edu/index2.html; last
updated 10 August 2008), which indicate unusual-
ly high heat flow of ~120 mW/m?. This high heat
flow may indicate high crustal radiogenic heat
production or hydrothermal processes in the region
[Hippchen and Hyndman, 2008]. For the rest,
where there is no direct observational constraint,
we applied the global average back-arc heat flow of
80 mW/m? as concluded by Currie and Hyndman
[2006]. After a number of tests, however, we found
that the assumed back-arc surface heat flow has
little effect on the fore-arc—arc mantle wedge
thermal structure unless it is unreasonably low
(<~50 mW/m?) because the heat supply from the
back-arc to the fore-arc—arc region is controlled by
the geotherm of the deeper flowing part of the back
arc to be discussed in the following paragraph.

[44] We assign a geotherm calculated by using an
adiabatic gradient of 0.3°C/km and a mantle
potential temperature of 1295°C [lto and Katsura,
1989] for the deeper part of the back-arc-side
boundary. In theory, the use of an adiabatic tem-
perature gradient along this boundary is inconsis-
tent with the assumption of the Boussinesq flow.
We allow this inconsistency in order to curb the
nonlinearity of the problem and thus to simplify the
model, as is commonly practiced in subduction
zone thermal modeling. The effect of this simpli-
fication on the flow and thermal fields in the

shallow part (<~200-km depth) of the mantle
wedge is very small [e.g., Lee and King, 2009].
The application of the adiabatic temperature gradi-
ent compensates for the missing effect of adiabatic
heating in the model and therefore provides a good
compromise. The adiabatic gradient is meant to
represent vigorous mantle convection (buoyancy-
driven flow) in the back-arc region that supplies
heat to the fore-arc—arc mantle wedge [Currie et
al., 2004; Currie and Hyndman, 2006; Wada et al.,
2008]. In the fore arc, buoyancy-driven flow is
discouraged because of the diminishing vertical
dimension of the mantle wedge and relatively small
temperature difference between its top and bottom.
The transition between the buoyancy-driven and
slab-driven flow regimes must take place some-
where in the back-arc region near the arc. We
simulate only the slab-driven mantle flow in the
fore-arc and arc regions, and the back-arc-side
boundary must be placed at a short distance land-
ward of the arc. The location of this boundary has a
small effect on the temperatures of mantle material
flowing into the model domain, and a horizontal
shift by ~50 km causes up to ~20°C difference in
the subarc mantle temperature. For consistency, we
place the boundary at 150-km horizontal distance
from the point of MDD in all models. For given
heat supply from the back-arc and mantle rheology,
mantle temperature in the fore-arc—arc region
depends primarily on the mantle wedge flow pat-
tern, which is controlled by the MDD and the
kinematics of the slab (subduction rate and slab
dip) as will be shown in section 5.

4.4. Frictional and Shear Heating

[45] We apply frictional heating along the interface
from the surface to near the depth of the downdip
limit of the seismogenic zone that is estimated by
other studies (Table 3). Frictional heating is the
product of fault slip rate and shear stress 7 = p/'o,,,
where 4/’ is the effective coefficient of friction and
0, is normal stress, which is approximated by the
weight of the overlying rock column in our model.
Seismological and field observations [e.g., Magee
and Zoback, 1993], frictional heating studies along
subduction faults [e.g., Wang et al., 1995; von
Herzen et al., 2001], and mechanical models for
the fore-arc stress state [e.g., Wang and He, 1999;
Wang and Suyehiro, 1999] indicate that the tem-
porally and spatially averaged effective coefficient
of friction of subduction faults is usually no greater
than 0.05, and in this study, we assume p’ = 0.03.
We apply viscous heating along the ductile part of
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Figure 5. (a) Map of northern Cascadia (index number 1), showing the distributions of surface heat flow
observations (red squares) and earthquakes in the Juan de Fuca plate (purple dots). The blue thick line indicates the
profile line for the northern Cascadia thermal model. (b) Observed (red squares) and model-predicted (blue lines)
surface heat flows and model-predicted flow and temperature fields with the 75-km maximum depth of decoupling
for northern Cascadia. Surface heat flow measurements [Currie et al., 2004; Wang et al., 1995] within 100 km of the
profile line are plotted in Figure 5b. The scatter of heat flow values near the volcanic arc is caused by local near-
surface processes. Arrows in the mantle wedge indicate flow velocities. Blue and white in the subducting crust
represent regions of high (0.7—5.4 wt.%) and low (<0.7 wt.%) H,O contents, respectively [Hacker et al., 2003]. The
boundary between them roughly represents the basalt-eclogite transformation under thermodynamic equilibrium,
which releases a large amount of H,O. The transformation may be kinetically delayed in the lower subducting crust.
Purple in the mantle wedge and slab mantle indicates zones of antigorite stability [Schmidt and Poli, 1998]. We
adopted the slab geometry model of McCrory et al. [2004], which was constructed for Cascadia by using intraslab
earthquakes, seismic reflection and refraction data (<50 km depth), and tomographic images of seismic velocity
structures obtained from teleseismic studies for the deeper part. The model slightly overpredicts offshore heat flow
because the slab in the model, intended to represent a northern Cascadia average, dips more shallowly than central
Vancouver Island, where most of the heat flow data were obtained, but this has little effect on the mantle wedge
thermal structure.

the subduction interface and in the mantle wedge.
The rate of viscous heating is calculated from the
product of shear stress and shear strain rate (the
second invariants of the stress and strain rate
tensors).

5. Thermal Modeling Results

5.1. Maximum Depth of Decoupling
Consistent With Surface Heat Flow Data:
Northern Cascadia and NE Japan

[46] We first consider models for two subduction
zones that have extensive heat flow constraints,
northern Cascadia and NE Japan (Figures 5 and 6,
respectively). They happen to represent end-
member warm- and cold-slab subduction zones:
northern Cascadia has a very young (~8 Ma)
and warm slab whereas NE Japan has a very old
(~130 Ma) and cold slab. They show dramatic
contrasts in their metamorphic, volcanic, and seis-

mological characteristics, but they have a similar
configuration in that the volcanic arc is located
where the slab is about 100 km deep (Figure 3).
Heat flow measurements near the trench at these
two margins reflect the ages of the subducting
plates, but in both places, values are low in the
rest of the fore arc until some 20—50 km trench-
ward of the volcanic arc. Limited heat flow data
from other subduction zones are also consistent
with this pattern (Appendix A).

[47] We first prescribed the MDD at various depths
in the northern Cascadia and NE Japan models to
investigate the variation in the mantle wedge
thermal structure and surface heat flow patterns.
The downdip transition from decoupling to cou-
pling has a dramatic effect on the flow pattern and
thermal regime of the mantle wedge. The mantle
wedge is stagnant over the decoupled part of the
interface but flows at full speed over the coupled
part as controlled by the slab velocity and mantle
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Figure 6. (a) Map and (b) modeling results with 75-km maximum depth of decoupling for NE Japan (index number
17) presented in the same way as Figure 5. Surface heat flow measurements [7anaka et al., 2004] within 200 km of
the profile line are plotted in Figure 6b. We use the slab geometry model that has been constrained by numerous
studies using intraslab seismicity, seismic reflection and refraction data, and tomographic images of seismic velocity
structures [Nakajima et al., 2001; Takahashi et al., 2007; Hasegawa et al., 1994; Zhao et al., 1994].

rheology. The stagnant part is cold because of
conductive cooling caused by the descending slab,
resulting in low surface heat flow. The flowing part
is hot because the wedge flow brings in heat from
greater depths and the back arc, resulting in high
surface heat flow. The thermal contrast between the
cold and the hot part of the mantle wedge is sharp,
and the transition from low to high surface heat
flow values is governed by the downdip termina-
tion of the decoupled interface.

[4s] An MDD of ~75 km can explain the heat flow
data at both northern Cascadia and NE Japan
(Figures 5 and 6, respectively), consistent with
the modeling results of previous studies [e.g.,
Furukawa, 1993; Wada et al., 2008]. Increasing
or decreasing the MDD by 15 km will lead to a
poorer fit between the model-predicted and ob-
served surface heat flow patterns, and in both
cases, a deeper MDD (e.g., 90 km) results in a
subarc mantle wedge temperature that is too low
(<1200°C) for melt generation.

[49] The model-predicted depths of basalt-eclogite
transformation which roughly corresponds to the
peak crustal dehydration in the subducting crust are
40—47 km in the young slab in Cascadia but 75—
140 km in the old slab in NE Japan. The greater
depth for NE Japan is due to the cooler thermal
state of the slab, and the large depth range is due to
the steep Clapeyron slope (dP/dT) of the basalt-
eclogite transformation over the temperature range
of the subducting crust [Hacker et al., 2003]. The

predicted depths of the basalt-eclogite transforma-
tion are consistent with the downdip extent of an
LVL at 45-75 km depths and 100—150 km depths
reported for northern Cascadia and NE Japan,
respectively (Figure 3a). The slightly deeper extent
of the observed LVL may indicate kinetic delay in
the transformation of the anhydrous gabbroic lower
crust [Hacker et al., 2003]. The model-predicted
zone of antigorite stability in the subducting mantle
extends to 90 km depth in Cascadia and ~290 km
depth in NE Japan (Table 5). The large difference
is consistent with the observed difference in the
depth ranges of intermediate-depth intraslab
seismicity between these two subduction zones
(Figure 3a) and supports the hypothesis that the
dehydration of antigorite triggers embrittlement
and intraslab seismicity in the subducting mantle
as proposed by other workers [e.g., Seno and
Yamanaka, 1996; Peacock, 2001; Brudzinski et
al., 2007]. The shallow dehydration of the
subducting slab in Cascadia provides ample fluid
beneath the cold stagnant part of the fore-
arc mantle wedge, promoting mantle wedge
serpentinization, while it provides little fluid
beneath the arc region for melt generation. The
situation is the opposite in NE Japan, for which
peak slab dehydration is predicted to occur at
greater depths beneath the arc region. These model
predictions are consistent with the inferred degree
of serpentinization and the observed intensity of
arc volcanism for the two subduction zones as
summarized in section 2.
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Table 5. Summary of Modeling Results

Model-Predicted
Max Subarc

Model-Predicted
Depths of Peak
Crustal Dehydration

Model-Predicted
Max Depth of Antigorite
Stability in the Subducting

Index Subduction Zone Temperature (°C) (Top, Bottom)® (km) Mantle (km)
1 N. Cascadia 1250 40, 46.5 90
2 Nankai 1260 55, 46 115
3 Mexico 1310 68, 75 130
4 Colombia-Ecuador 1305 63, 65 125
5 SC Chile 1220 72, 93 170
6 Kyushu 1290 71.5, 93 185
7 N. Sumatra 1305 72.5, 92 175
8 Alaska 1215 71.5, 93 195
9 N. Chile 1320 73, 103 210°
10 N. Costa Rica 1280 73.5, 121.5 215
11 Aleutians 1250 74, 126 240
12 N. Hikurangi 1120 and 1310°¢ 73, 139 220
13 Mariana 1250 74, 117 240
14 Kermadec 1240 74, 141.5 275
15 Kamchatka 1290 74, 126 280°
16 Izu 1300 74.8, 132 270°
17 NE Japan 1310 75, 139.5 290°

#The two values shown are the depths of peak crustal dehydration at the top and bottom of the subducting crust, respectively.
The downdip end of antigorite stability is extrapolated beyond the model domain from the modeling results.
“The two values are the model-predicted maximum mantle temperatures beneath the oceanside and landside ends, respectively, of the ~40-km-

wide Taupo Volcanic Zone.

[s0] The models explain not only the differences
between the two subduction zones but also their
similar subduction zone configuration. In both the
Cascadia and NE Japan models, high temperatures
(>1200°C) occur in the mantle wedge where the
depth of the slab is about 100 km or greater,
providing the necessary thermal condition for melt
generation beneath the arc but not in the fore-arc
region. The thermal models for these two end-
member warm- and cold-slab subduction zones
indicate that their differences and the intriguing
similarity in their subduction zone configuration
can be reconciled if the slab-mantle wedge is
decoupled to 70- to 80-km depths.

5.2. Common Maximum Depth of
Decoupling and Uniform Subduction Zone

Configuration

[s51] Northern Cascadia and NE Japan have a
similar MDD despite their large differences in
subduction parameters, supporting our hypothesis
that the common maximum MDD can reconcile the
uniformity and diversity of subduction zones. To
further test this hypothesis, we developed thermal
models for the other fifteen subduction zones
assuming a common MDD of 75 km and using
the same modeling strategy. Limited heat flow
observations from these subduction zones provide

some model constraints. For example, the model
for Kamchatka (Figure 7) shows that the MDD of
around 75 km can explain the surface heat
flow while providing predictions for the thermal,
petrological, and seismological processes that are
consistent with the observations. The description of
the slab geometry and modeling results for the
other fourteen subduction zones are presented in
Appendix A except for Mariana, which will be
presented in section 5.3.

[52] The models explain why arc volcanism does
not occur in the fore arc. In the models of all the
seventeen subduction zones, the mantle beneath the
arc is flowing and hot, with the temperature
exceeding 1200°C, consistent with the thermal
condition required for melt generation (Figure 8).
Because the ascent of melt does not necessarily
follow a strictly vertical path, the source region of
melt may not be directly beneath the arc, and the
model-predicted subarc mantle temperature may
deviate slightly from the actual temperature of
the melt source region. Furthermore, the exact
thermal condition of mantle melting depends
strongly on fluid content. A relatively wide range
of subarc mantle temperature predicted by the
models is consistent with laboratory predictions
and theoretical expectations.

[53] In contrast to the flowing and hot mantle
beneath the arc, the stagnant mantle wedge in most
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Figure 7. (a) Map and (b) modeling results with 75-km maximum depth for Kamchatka (index number 15)
presented in the same way as Figure 5. Surface heat flow measurements [Tanaka et al., 2004] within 100 km of the
profile line are projected onto Figure 7b. The slab geometry was obtained in this study using earthquake hypocenters
in the EHB catalog and the subarc slab depths determined by England et al. [2004].

of the fore arc is rather cold and does not provide
the thermal condition for volcanism. Odd volca-
noes occasionally occur in the fore arc, such as
Mt. St. Helen in Cascadia which is situated ~35 km
seaward of the rest of the Cascade volcanoes, but
these volcanoes are extremely rare and may be
explained by an inclined path of the ascending
magma controlled by site-specific geological struc-
tures. Furthermore, such volcanism may produce
lavas that are geochemically different from those
produced in the volcanic arc, enticing alternative
explanations [Defant and Drummond, 1993].

[s4] The models also explain why arc volcanism is
difficult to occur in the back arc. As discussed in
section 2.4, the generation of melts for arc volca-
nism requires both high temperature and sufficient
fluid supply from the dehydrating slab. The model-
predicted depths of peak crustal dehydration and
maximum depth of antigorite stability in the sub-
ducting mantle for the 17 subduction zone are
summarized in Table 5 and Figure 9. The models
for all the subduction zones predict that the tem-
perature of the upper part of the subducting slab
increases abruptly downdip from the MDD where
it is in contact with the overriding flowing hot
mantle. Because of this temperature increase,
crustal dehydration in all slabs peaks at depths
shallower than ~140-km depth and provide little
fluid for arc volcanism downdip of this depth. The
overlap of the regions of high temperature and high
fluid supply by the dehydrating crust occurs in a
narrow zone, especially for subduction zones with
a steeply dipping slab (e.g., Mariana). In some

subduction zones such as NE Japan and Kam-
chatka, volcanoes are present almost 100 km
landward of the volcanic arc. The relatively wide
zone of volcanism may partly be attributed to a
shallow dip of the slab, but it can be explained by
the deeper transportation of fluid by the subducting
mantle. The modeling results for cold-slab subduc-
tion zones predict that the dehydration of antigorite
in the subducting mantle continues to yield fluid
beyond ~140 km depth. However, the rate of the
fluid supply in general must be much lower be-
cause hydration of the mantle lithosphere prior to
subduction is likely to be limited to very few deep-
cutting faults and also because the zone of anti-
gorite stability shrinks very slowly as the slab
travels to greater depths (e.g., Figure 6). The low
supply of fluid from the slab downdip of ~140 km

E-N

18]

Number of
subduction zones

1 1 1 !

1200 1300
Subarc mantle temperature (°C)

Figure 8. The distribution of the maximum mantle
temperature beneath the regional average location of the
volcanic arc predicted for all subduction zones with the
75-km maximum depth of decoupling except northern
Hikurangi, where ongoing continental rifting makes it
difficult to pinpoint the location of the arc.
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subduction zones plotted against ¢. Light blue area shows the trend of this depth range. The initial decrease in the
peak crustal dehydration depth with increasing ¢ is due to the decrease in the basalt-eclogite transformation depth
with decreasing temperature at low pressures. Depth range of antigorite stability in the subducting mantle below 20-km
depth is shown with purple lines. Dashed purple lines indicate the portion of the depth range of antigorite stability that
is extrapolated beyond the model domain from the modeling results. Small vertical bars and numbers at the top indicate
the ¢ values and index numbers, respectively, of subduction zones.

depth may explain why arc volcanism does not  flow, which transports heat from the back arc at a
extend much farther landward than observed. faster rate (Figure 10b). This brings the region
of high temperatures and thus the volcanic arc
slightly closer to the trench, resulting in a smaller
H. A steeper slab causes the streamlines of the
wedge flow to be oriented more vertically and
more effectively transports heat from greater

[s5s] Models with a common MDD explain not
only the similarity of H (Figure 3c) but also some
important second-order characteristics of these
depths, that is, the small variation in H. Faster
subduction increases the velocity of mantle wedge
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Figure 10. Generic subduction zone thermal models, illustrating the effects of subduction rate and slab dip on the
thermally expected location of the volcanic arc and subarc slab depth. Temperature contours between 1200°C and
1300°C at 10°C interval in the flowing part of the mantle wedge calculated by using (a) the northern Cascadia slab
geometry and a 43 mm/yr subduction rate, (b) the northern Cascadia slab geometry and a 86 mm/yr subduction rate,
and (c) the Mariana slab geometry with a 43 mm/yr subduction rate. The MDD is 75 km (filled blue circle) and the
slab age is 8 Ma for all three models. The red contour line indicates 1250°C, which is the model-predicted maximum
subarc mantle temperature in northern Cascadia. The filled red triangle and circle are the location of arc and the
subarc slab depth, respectively, in northern Cascadia. The horizontal distance (blue line with a double arrowhead)
between the downdip end of the decoupled interface and the most seaward point of the 1250°C contour, where melts
are expected to be generated, is shorter for a faster subduction rate as shown in Figure 10b or for a steeper slab dip as
shown in Figure 10c. The shorter distance means that the arc is located closer to the trench. The predicted subarc slab
depth (open red circle) is shallower for a faster subduction rate and deeper for a steeper slab.
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depths (Figure 10c). This also brings the arc closer
to the trench, but H is deeper because the geomet-
rical effect of a steeper dip on the H overshadows
that of the trenchward shift of the arc (Figure 10c).
The variations in the subduction rate and slab dip
thus can generate the observed range (£~20 km) of
variation in H. This is consistent with the hypoth-
esis that the kinematics of the subducting slab
controls the mantle wedge flow pattern and thus
the region of melt generation as proposed by
England et al. [2004] and Syracuse and Abers
[2006]. For example, the model-predicted depen-
dence of H on the convergence rate and slab dip is
consistent with the trends observed along the
margins of Kamchatka through Marianas shown
in Figure 3 of Syracuse and Abers [2006]. Statis-
tical correlations of observed H values with the
subduction rate and slab dip are difficult to assess
because of the coexistence of the effects of the two
parameters and errors in H. For example, England
et al. [2004] and Syracuse and Abers [2006]
obtained opposite effects of the slab dip on H or
H', respectively.

[s6] Although the majority of the H values are in
the 80—120 km depth range and their variation is
consistent with the common MDD hypothesis,
anomalous values of H observed in few subduction
zones require further explanation. End-member
small and large H values of 65 km and 130 km
are reported for eastern Aleutians and Izu, respec-
tively, by England et al. [2004]. The steeply
dipping slab in eastern Aleutians results in a high
sensitivity of H to the arc location, and the very old
slab in Izu may generate intraslab earthquakes
away from the slab surface, increasing the uncer-
tainties in H as discussed in section 2.5. Further-
more, lateral melt migration may occur, for
example, because of the effect of solid-state mantle
wedge flow [e.g., Cagnioncle et al., 2007] and can
affect the location of arc relative to the region of
melt generation and thus H. Alternatively, anoma-
lous subduction zone configuration may be caused
by temporal changes in the regional tectonics or
slab geometry.

5.3. Common Maximum Depth of
Decoupling and Variations of Geophysical
Processes With Slab Thermal Parameter

[s7] In section 5.2, we demonstrated that the com-
mon MDD can explain the uniform configuration
of subduction zones. The remaining question is
whether this common MDD can also explain the

strong slab-age dependent variability of the various
observations reviewed in section 2.

[ss] The results summarized in Figure 9 demonstrate
that the maximum depths of peak crustal dehydration
and serpentine stability in the subducting mantle
increase systematically with ¢. These trends explain
the observed variability of the downdip extent of an
LVL, which is interpreted to represent untransformed
subducting crust (Figure 3a). An LVL detected in the
cold-slab Aleutian, Kamchatka, Mariana, and NE
Japan subduction zones by Abers [2005] extends to
greater depths (>~150 km depths) than the model-
predicted depths of basalt-eclogite transformation
(<140 km). There are a few possible explanations
for this. One is that the transformation in the gabbroic
crust is kinetically delayed as mentioned in
section 5.1. Another possible explanation is the
presence of hydrous minerals, particularly,
serpentine, or free fluid in the subducting crust. For
example, relatively low seismic velocities observed
in the gabbroic oceanic lower crust formed at fast to
intermediate-rate spreading centers is explained by
alteration of olivine (~11%) to talc and/or serpentine
[Carison et al., 2009]. After subduction, these
hydrous minerals in the lower crust may persist to
greater depths than the depths of basalt-eclogite
transformation in the upper crust, causing low
seismic velocity in the slab. Another possible expla-
nation is that the deeper part of the LVL belongs to the
mantle wedge or subducting mantle. For example, in
NE Japan, Kawakatsu and Watada [2007] also iden-
tified an LVL at 140—190 km depths, in the similar
depth range to Abers [2005], but they showed the
layer to be in the mantle above the subducting slab.
On the basis of a thermal model assuming an iso-
viscous mantle wedge, Kawakatsu and Watada
[2007] interpreted this LVL to be serpentinite. Our
models, as well as other thermal models that also
incorporate the more realistic temperature-dependent
mantle rheology [e.g., van Keken et al., 2002; Kneller
et al., 2005], do not predict serpentine to be stable at
these depths. We think the LVL may represent the
presence of melt that is redistributed along the zone of
severe shear deformation immediately above the slab.

[so] The trend shown in Figure 9 also explains the
depth range of intraslab seismicity and supports the
hypothesis of dehydration embrittlement in both
the subducting crust and mantle. Intraslab seismic-
ity extends deeper than the model-predicted down-
dip extent of antigorite stability in very old cold
slabs. This may be due to the replacement of
antigorite that survives to ~200 km depth by phase
A, which contains 11.8 wt.% H,O and is stable to
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Modeling results for Mariana (index number 13), showing that the shallow part of the mantle wedge at

ocean-ocean margins provides a stable thermal condition for low-temperature serpentine species chrysotile and
lizardite (light purple). (a) Map and (b) modeling results with 75-km maximum depth of decoupling for Mariana
presented in the same way as Figure 5. Surface heat flow measurements (GHFD) within 100 km of the profile line are
projected onto Figure 11b. The slab geometry was obtained in this study using earthquake hypocenters in the EHB
catalog and the subarc slab depths determined by England et al. [2004].

higher temperature than antigorite [Schmidt and
Poli, 1998].

[60] Our modeling results show that in all the
seventeen subduction zones, the stagnant and cold
mantle wedge overlying the decoupled part of the
interface is in a stable thermal condition to form
serpentinites. However, serpentinization depends
also on the availability of fluid. The shallow peak
crustal dehydration beneath the mantle wedge cor-
ner in warm-slab subduction zones provides sub-
stantially greater fluid supply than in cold-slab
subduction zones where the peak crustal dehydra-
tion takes place at greater depths beneath the hot
flowing part of the mantle wedge. This model-
prediction is consistent with the relatively high
degree of mantle wedge serpentinization reported
for warm-slab subduction zones and a minor degree
of serpentinization in subduction zones with very
old and cold slabs except at ocean-ocean margins.
At ocean-ocean subduction zones, the mantle
wedge overlies the subducting slab at very shallow
depths because the overriding oceanic crust is only
7—10 km thick. At these depths in the mantle
wedge, lower-temperature serpentine species chrys-
otile and lizardite can be stable as shown by the
modeling results for Marinas (Figure 11) and other
three ocean-ocean margins, Aleutians, Kermadec,
and Izu (Appendix A). Furthermore, although there
is little supply of metamorphic fluid from cold slabs
at shallow depths, the collapse of pore space in the
subducting sediments and crust provides fluid to

serpentinize the shallow-lying mantle wedge. In
fact, a high degree of mantle wedge serpentiniza-
tion at the Izu-Bonin-Mariana margin is evidenced
by the formation of serpentine mud volcanism in
the fore arc and inferred from seismic observations
[Kamimura et al., 2002]. This explains the presence
of a highly serpentinized mantle wedge in cold-slab
ocean-ocean subduction zones.

[61] At two warm-slab subduction zones, Cascadia
and Nankai, the shallow dehydration of the slab
over the history of subduction may provide suffi-
cient fluid to cause complete serpentinization of the
very tip of the mantle wedge. The continuing
dehydration of the subducting slab is likely to
result in the accumulation of free fluid near the
mantle wedge tip. The presence of free fluid
around the mantle wedge tip of these two subduc-
tion zones is also inferred from geophysical obser-
vations such as low Vs, high Vp/Vs ratio, and high
electrical conductivity with strong reflectors [Kao
et al., 2005; Shelly et al., 2006], supporting the
association of ETS with the presence of free fluid.

[62] The shallow dehydration of warm slabs reduces
the downdip transport of fluid to the subarc depth,
explaining the feeble arc volcanism. However, arc
volcanism does occur in warm-slab subduction
zones, and therefore some fluid must be transported
to the subarc depth. Possible mechanisms of deep
downdip fluid transfer include the subducting lower
crust and mantle that contain hydrous minerals such
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as antigorite, talc, and chlorite, and the downdip
transport of hydrated overriding mantle material by
mantle wedge flow. Deeper dehydration of cold
slabs provides significantly greater fluid supply for
melt production beneath the arc, resulting in intense
arc volcanism (Figure 3b).

6. Discussion: What Controls the
Maximum Depth of Decoupling?

[63] The downdip termination of interface decou-
pling at a common depth requires a process in
subduction zones that weakens the mantle rock or
strengthens the interface at this depth. This process
needs to be relatively insensitive to the temperature
condition that varies significantly along the plate
interface among different subduction zones.

[64] Although the dehydration of hydrous minerals
is unlikely to control the MDD owing to the strong
temperature dependence of dehydration reactions,
changes in the strength of the hydrous minerals
with depth may control the MDD. Although the
strength of hydrous minerals depends also on
temperature, what is important is how their
strength changes with depth relative to the strength
of the overriding mantle. Recent laboratory results
show that during dislocation creep, antigorite is
significantly weaker than wet olivine at shallow
depths, but the decrease in their strength with depth
due to increasing temperature is more prominent
for wet olivine than for antigorite, resulting in a
decrease in the strength contrast between them
[Hilairet et al., 2007]. The MDD may be regulated
by the eventual disappearance of the strength
contrast between the antigorite-bearing material
along the interface and the less hydrated overriding
mantle with increasing depth.

[6s] The strength of the mantle is strongly temper-
ature-dependent. Back-arc heat flows for most
subduction zones are about 80 mW/m> and are
likely to be governed by a common process of
small-scale convection [Currie and Hyndman,
2006]. This probably determines the amount of
heat supply into the arc and fore-arc region and
thus regulates the overall strength of the fore-arc
mantle uniformly among different subduction
zones. The effects of the back-arc mantle thermal
state on the fore-arc mantle thermal structure and
rheology may give rise to an inherent scale length,
which could regulate the MDD. Regardless of the
specific mechanism, the common MDD is consis-
tent with the fairly uniform back-arc heat flow
among subduction zones and therefore appears to

be an expression of the subduction zone heat
budget [Currie et al., 2004].

[6s] It will be useful to develop dynamic models
with a self-consistent mechanism that controls the
MDD, and our modeling results should provide
guidance for the future development of these
models.

7. Conclusions

[¢7] A wide range of geophysical processes in
subduction zones are known to depend on the
thermal state of the subducting slab. Our compila-
tion of geological and geophysical observations
demonstrates systematic variations of subduction
zone processes with the thermal parameter, ¢, of
the subducting slab: in subduction zones with
colder slabs, a layer of relatively low seismic-wave
speed in the top part of the subducting slab,
representing the untransformed basaltic crust, and
the intraslab seismicity extend to greater depths,
and arc volcanism is more intense. ETS and mantle
wedge serpentinization appear to be rare or less
abundant in cold-slab subduction zones, possibly
indicating their dependence on the slab thermal
state. In contrast, the configuration of subduction
zones is surprisingly uniform in that the slab
beneath the arc is predominantly at 90—110 km
depths regardless of the thermal state of the slab.

[6s] Toward reconciling this uniformity and diver-
sity of subduction zones, we hypothesize that the
subducting slab and the overriding mantle are
decoupled to a common depth of 70—80 km depth
in most, if not all subduction zones, and the onset
of mantle wedge flow downdip of the decoupled
interface controls the uniform subduction zone
configuration without significantly affecting the
systematic variations in slab-age-dependent sub-
duction zone processes. To test this hypothesis,
we have developed thermal models for seventeen
subduction zones by prescribing interface decou-
pling to 75 km depth. The models explain available
surface heat flow observations.

[¢9] The thermal models predict that the region of
high temperatures (>1200°C) and thus mantle
melting occurs where the slab is at ~100 km depth
and deeper for all seventeen subduction zones. In
contrast, the mantle wedge in most of the fore arc is
stagnant and cold, explaining why arc volcanism
does not occur in the fore-arc region. Because of
the sudden onset of mantle wedge flow at 70—
80 km depth, crustal dehydration in most subduc-
tion zones peaks at depths shallower than 140 km.
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(a) Map and (b) modeling results for Nankai (index number 2). We adopted the slab geometry model

reported by Wang et al. [2004] based primarily on the distribution of intraslab earthquakes. Their model, however, is
only for the shallow part (<60 km depth) of the slab owing to lack of deeper intraslab earthquakes. Therefore, we
extrapolated the deeper part of the slab from their model. Heat flow data are from Tanaka et al. [2004]. The observed
surface heat flow near the trench is higher than predicted from the age of the plate and very sharply decreases
landward. This has been explained to be the consequence of redistribution of heat by hydrothermal circulation in the
relatively permeable subducting crust [Spinelli and Wang, 2008]. The regional-scale thermal model shown here does

not address this effect.

The much reduced fluid supply from the subduct-
ing slab to the overriding mantle wedge downdip
of this depth explains why arc volcanism does not
tend to occur in the back arc even though the
mantle is as hot as beneath the arc. Therefore, the
common MDD controls the location of arc and can
explain the uniform configuration of subduction
zones. Even with a given MDD, the location of
the arc can still be affected by other kinematic
parameters and the path of ascending arc magma as
a second-order effects.

[70] Our model predictions are also consistent with
the observed systematic variations of subduction
zone processes. The model-predicted depths of
dehydration in both the subducting crust and man-
tle are deeper for colder slabs, consistent with the
observed increase in the maximum depth of an
LVL and intraslab seismicity with ¢. The models
also predict that fluid supply near the fore-arc
mantle wedge tip is significantly smaller in cold-
slab subduction zones because of deeper slab
dehydration than in warm-slab subduction zones,
possibly explaining why there is less evidence for
mantle wedge serpentinization and ETS in cold-
slab subduction zones. However, deeper slab
dehydration in cold-slab subduction zones provides
more fluid to the subarc mantle than in warm-slab
subduction zones, consistent with the increasing
intensity of arc volcanism with ¢. The sudden

onset of mantle wedge flow downdip of the
decoupled interface also affects the slab thermal
state but uniformly among different subduction
zones owing to the common MDD, and therefore
any systematic variations that depend on the slab
thermal state are unaffected.

[71] In this study, we showed that a common depth
of slab-mantle wedge decoupling reconciles the
uniformity and diversity of subduction zones.
Decoupling reflects a contrast between a stronger
mantle wedge and a weaker subduction interface.
The onset of coupling thus reflects the loss of the
strength contrast. A mechanism that can reduce the
strength contrast at a common depth of 70—80 km
is the key to understanding the seemingly complex
subduction zone geodynamics and is a critical
subject of future research.

Appendix A: Modeling Results for
Thirteen Subduction Zones

[72] In the main text, we discussed the modeling
results obtained for seventeen subduction zones
investigated in this study using two summary dia-
grams (Figures 8 and 9) and a summary (Table 5)
but presented modeling results only for four sub-
duction zones. Here, we present results for the
remaining thirteen subduction zones. In all models,
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Figure A2.

(a) Map and (b) modeling results for Mexico (index number 3). We adopted the slab geometry model of

Currie et al. [2002], which was obtained using earthquake locations determined with the local seismic network. Heat

flow data are from GHFD.

a common MDD of 75 km is assumed, and the
boundary conditions and material properties are
as described in the main text. How the slab geom-
etry is obtained for each model is described in the
figure captions. For all the thirteen subduction
zones, surface heat flow measurements within 100
km of the profile line are plotted with the model-
predicted surface heat flow values except for SC
and northern Chile and Kermadec. For SC Chile,
we include surface heat flow values derived from
the depths of bottom simulating reflectors (BSR)
that were imaged at ~120 km south of our profile

—

line [Grevemeyer et al., 2003], and we also include
one measurement made at ~110 km north of
the profile line (GHFD). For northern Chile and
Kermadec, we include measurements within
200 km and 150 km, respectively, of the respective
profile line (GHFD). References for the surface
heat flow data for each margin are given in
Table 2 and in the figure captions.

[73] Out of the thirteen subduction zones, ten are
from continental margins, and the other three are
from ocean-ocean margins. Results for continental
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(a) Map and (b) modeling results for Colombia-Ecuador (index number 4). For the shallow part of the
subducting slab, we adopted the slab geometry reported by Marcaillou et al. [2006, 2008] based on seismic reflection
data. For the deeper part, we inferred the slab geometry from the distribution of earthquake hypocenters in the EHB
catalog. The red rectangle in Figure A3b indicates the range of BSR-derived heat flow values (not shown on the map)
measured within a 50-km distance from the profile line [Marcaillou et al., 2006].
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Figure A4. (a) Map and (b) modeling results for SC Chile (index number 5). We adopted the shallow part of the
slab geometry that Grof3 et al. [2008] obtained from seismic reflection data and inferred the deeper part from
earthquake hypocenters in the EHB catalog and the subarc slab depths determined by Syracuse and Abers [2006].
The red rectangle in Figure A4b indicates the range of BSR-derived heat flow values (not shown on the map)
measured at ~120 km south of the profile line [Grevemeyer et al., 2003]. The rest of the heat flow data (red dots) are

from GHFD.
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Figure AS. (a) Map and (b) modeling results for Kyushu (index number 6). We adopted the slab geometry model
reported by Wang et al. [2004] based primarily on intraslab earthquake distribution. Heat flow data are from Tanaka

et al. [2004].
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Figure A6. (a) Map and (b) modeling results for northern Sumatra (index number 7). We inferred the slab geometry
from the distribution of earthquake hypocenters in the EHB catalog and the subarc slab depths determined by
England et al. [2004]. Heat flow data are from GHFD.
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Figure A7. (a) Map and (b) modeling results for Alaska (index number 8). We adopted the slab geometry of
Oleskevich et al. [1999], which was obtained by using seismic reflection and refraction data and earthquake
distribution. Heat flow data are from GHFD.
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Figure A8. (a) Map and (b) modeling results for northern Chile (index number 9). For the shallow part, we adopted
the slab geometry reported by Sallarés and Ranero [2005] and inferred the deeper part from earthquake hypocenters
in the EBH catalog. However, the composite model indicates a relatively sharp bending at shallow depth (<30 km),
which is mechanically less plausible for the relatively old slab. We thus reduced the sharpness of the slab curvature
slightly in our model construction. Heat flow data are from GHFD.
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Figure A9. (a) Map and (b) modeling results for northern Costa Rica (index number 10). We adopted the slab
geometry of Peacock et al. [2005], which was inferred from earthquake hypocenters in the EHB catalog and those
determined by Protti et al. [1995] and Newman et al. [2002] using local networks. The slab geometry model is
consistent with the subarc slab depth determined by Syracuse and Abers [2006]. Surface heat flow data are from
Langseth and Silver [1996] and Kimura et al. [1997]. In northern Costa Rica, seismic images of the incoming Cocos
plate, which was formed along the East Pacific Rise, show bending-related faults penetrating to 18—20 km depth,
well into the oceanic mantle [Ranero et al., 2003]. Common occurrence of basement outcrops on this plate segment,
along with these deeply cutting faults, is thought to allow vigorous hydrothermal circulation and efficient extraction
of heat from the basement [Harris and Wang, 2002; Fisher et al., 2003]. Our regional-scale model does not include
this effect. This explains the low observed heat flow values near the trench compared to the predicted values.
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Figure A10. (a) Map and (b) modeling results for northern Hikurangi (index number 12). We use the slab geometry
model of Reyners et al. [2006], which is delineated by the distribution of intraslab earthquakes (purple dots) located
by the local network. Offshore heat flow data plotted in Figure A10b are from Townend [1997] and the rest plotted
in Figure A10b are from GHFD. TVZ, Taupo Volcanic Zone. The open triangle represents the landward end of the
~40-km-wide TVZ.
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Figure A11. (a) Map and (b) modeling results for Aleutians (index number 11). We inferred the slab geometry from
the distribution of intraslab earthquake hypocenters in the EHB catalog. In the model, the depth of the slab beneath
the arc is 95 km, intermediate of two subarc slab depths obtained by England et al. [2004] for the regions east and
west of our study region. Heat flow data are from GHFD.
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Figure A12. (a) Map and (b) modeling results for Kermadec (index number 14). We inferred the slab geometry
from the distribution of intraslab earthquake hypocenters in the EHB catalog and the subarc slab depths determined
by England et al. [2004]. Heat flow data are from von Herzen et al. [2001].
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Figure A13. (a) Map and (b) modeling results for Izu (index number 16). We inferred the slab geometry from the
distribution of intraslab earthquake hypocenters in the EHB catalog and the subarc slab depths determined by
England et al. [2004]. Heat flow data are from GHFD.

31 of 36



=i~ Geochemistry
|~ Geophysics
Geosystems | 7J

)
> WADA AND WANG: COMMON DEPTH OF SLAB-MANTLE DECOUPLING 10.1029/2009GC002570

margins are presented in Figures Al through A10,
and those for ocean-ocean margins are presented in
Figures All through A13. As discussed in the
main text, the models predict that the dominant
serpentine species in a hydrated mantle wedge
differs between the two types of margins. At
continental margins, antigorite is the dominant
species. At ocean-ocean margins, lower-tempera-
ture serpentine species chrysotile and lizardite are
likely to be more abundant because the mantle
wedge beneath the thin overriding oceanic crust is
at shallow depths where fluid supply for serpenti-
nization also includes the collapse of pore space in
the subducting sediments and crust.

[74] The reader is referred to Figure 5 for the
explanation of symbols.
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